The piRNA pathway protects germline genomes through transcript cleavage of selfish 36 genetic elements, such as transposons, in the cytoplasm and their transcriptional silencing 37 in the nucleus. Here, we describe a mechanism by which the nuclear and cytoplasmic 38 arms of the silencing mechanism are linked. During mitosis of Drosophila 39 spermatogonia, nuclear Piwi interacts with nuage, the compartment that mediates the 40 cytoplasmic arm of piRNA-mediated silencing. At the end of mitosis, Piwi leaves nuage 41 to return to the nucleus. We found that dissociation of Piwi from nuage occurs at the 42 depolymerizing microtubules of the central spindle, mediated by a microtubule-43 depolymerizing kinesin Klp10A. Depletion of klp10A delays Piwi's return to the nucleus 44 and affects piRNA production, suggesting the importance of nuclear-cytoplasmic 45 communication in piRNA biogenesis. We propose that cell cycle-dependent 46 communication between the nuclear and cytoplasmic arms of the piRNA pathway plays 47 important roles in coordinated piRNA production. 48
Introduction 50
In a previous study, we showed that Klp10A protein is enriched on the 112 centrosomes specifically in germline stem cells (GSCs), but not in differentiating SGs, in 113 the Drosophila testis (Chen et al., 2016) . Klp10A protein also localizes to central spindle 114 in both GSCs and SGs. Because centrosome play a critical role in asymmetric stem cell 115 divisions through their unique behavior in stem cells of many model systems (Cheng et components are of significant interest. In an attempt to isolate proteins that specifically 120 localize to GSC centrosomes, we affinity-purified Klp10A from a GSC-enriched extract: 121
Klp10A was tagged with green fluorescent protein (GFP) and anti-GFP antibody was 122 used to immunoprecipitate Klp10A and any associated proteins. To enrich for GSCs, self-123 renewal factor Unpaired (Upd) (Kiger et al., 2001; Tulina and Matunis, 2001 ) was co-124 expressed together with Klp10A-GFP (nos-gal4>UAS-klp10A-GFP, UAS-upd) ( Figure  125 of the piRNA pathway, as the study revealed an unappreciated mode of regulation of 143 piRNA biogenesis. 144 145 Depletion of Klp10A results in alteration of piRNA biogenesis. 146
To explore whether Klp10A interaction with piRNA pathway components was 147 functionally significant, we examined whether klp10A is required for repression of TEs or 148 piRNA biogenesis (Toth et al., 2016) . To characterize the role of klp10A in the piRNA 149 pathway, we first performed deep sequencing of small RNAs from wild-type and klp10A-150 knockdown germ cells (nos-gal4>UAS-klp10A RNAi , validated in our previous study (Chen 151 et al., 2016) , referred to as klp10A RNAi ) (Figure 2, Figure supplement 3) . We defined 152 piRNAs as reads of 23-29 nucleotides (nt) in length that did not map to microRNAs or 153 ribosomal RNAs. To assess the global changes in piRNA expression upon klp10A loss, 154
we profiled piRNA reads across the Drosophila transcriptome. The knockdown of klp10A 155 by RNAi caused specific upregulation of piRNAs mapping to piRNA clusters and 156 repetitive elements, with minimal differences in other genomic classes (Figure 2A) , 157
suggesting that klp10A may play a specific role in the piRNA pathway. When we 158 analyzed the abundance of piRNAs mapping to TEs upon loss of klp10A, we observed 159 dramatic upregulation of piRNA reads both antisense and sense to TEs ( Figure 2B ). To 160 probe the effect of klp10A loss further, we analyzed the distribution of piRNA abundance 161 across the transposon transcript HOBO. Both antisense and sense reads across HOBO 162 were significantly upregulated in the klp10A RNAi samples compared to wild-type without 163 any noticeable change in their distribution ( Figure 2C ). 164
165
The above data showed that both primary and secondary piRNAs were 166 upregulated. To test whether the ping-pong cycle was affected in klp10A RNAi 2). We found that loss of klp10A resulted in at least a 1.5-fold reduction in the levels of a 181 subset of TEs, including HOBO ( Figure 2D ). In contrast, the majority of piRNAs that 182 map to these TEs were upregulated ( Figure 2E ), consistent with the general trend of 183 piRNA upregulation ( Figure 2B ). Based on these results, we speculate that moderate 184 downregulation of TEs could be due to global upregulation of piRNAs in klp10A RNAi . 185
186
To further assess these results, we conducted single molecule fluorescent RNA in 187 situ hybridization for HOBO transposon, an example of TEs whose transcription was 188 downregulated but the corresponding piRNAs exhibited upregulation in klp10A RNAi . 189 HOBO expression was quantified by counting the number of single molecule FISH 190 signals. Interestingly, contrary to the prediction based on the sequencing analysis that 191 showed downregulation of HOBO among other TEs, HOBO was transiently upregulated 192 in SGs and early SCs ( Figure 3A , B, D). This was followed by significant 193 downregulation of HOBO in the SC stage ( Figure 3A that showed upregulation of the ping-pong signature and overall downregulation of 200 transposon expression, we interpret these results to indicate that the TEs are slightly 201 upregulated in klp10A RNAi SGs and early SCs, which leads to enhanced piRNA production 202 through intact ping-pong cycle, which later downregulates the target mRNA in the late 203 SCs ( Figure 3F ). Overall downregulation of TE expression revealed by the RNA 204 sequencing of total testis is likely explained by the fact that there are more SCs than SGs 205 in the testis. 206
207
Taken together, these results demonstrate that Klp10A's interaction with piRNA 208 pathway components indeed has functional significance, prompting us to further examine 209 the underlying mechanisms. The above data specifically points to the role of klp10A in 210 repression of TEs in SGs, without affecting the ping-pong cycle. Klp10A showed centrosome localization in GSCs ( Figure 4A ), or uniform cytoplasmic 220 localization in SGs ( Figure 4B ) as we reported previously (Chen et al., 2016) . We did not 221 observe clear localization of Klp10A to nuage, suggesting that the potential role of 222
Klp10A in piRNA pathway is not related to its GSC-specific centrosomal localization. Piwi colocalized during mitosis ( Figure 5B ), and Piwi returned to the nucleus at the end 265 of mitosis ( Figure 5C ). We further detected physical interaction between Vasa and Piwi 266 specifically when cells were arrested in mitosis by the use of MG132 (a proteasome 267 inhibitor that arrests cells in mitosis (Moutinho-Pereira et al., 2010)) ( Figure 5D ). These 268 results establish that Piwi gains access to nuage specifically during mitosis. In this study, we revealed unexpected dynamic localization of piRNA pathway 362 components during cell cycle of mitotically proliferating germ cells (GSCs and SGs) in 363
the Drosophila testis. Piwi is nuclear in interphase, but associates with nuage specifically 364 during mitosis, then returns to the nucleus at the end of the mitosis. We propose that 365
Piwi's interaction with nuage during mitosis might facilitate the loading of Piwi with 366 piRNAs. Additionally, by interacting with nuage at every mitosis period, Piwi may gain 367 an access to 'updated' repertoire of piRNAs that reflect currently active TEs ( Figure 7G ). 368
369
It is of note that this mechanism appears to be distinct from the cell biological 370 mechanism of Piwi loading with piRNAs in the nurse cells of the female germ line 371 Salzberg, 2012). The remaining reads were aligned to the D. melanogaster transcriptome 535 (Dm3) with at most 1 mismatch allowed using Bowtie2 v2.2.3. Abundance estimation 536 was done at annotated genes, piRNA clusters, and TEs using the eXpress pipeline within 537 the piPipes suite Roberts and Pachter, 2012) . We used Flybase for 538 annotation of protein coding genes and TEs. piRNA cluster annotations were done 539 according to (Brennecke et al., 2007) . For piRNA analysis, we selected reads that were 540 23-29 nucleotides in length to ensure other endo-siRNA species did not influence 541 downstream analysis. miRNA hairpin reads were used to normalize between libraries. 542
Differential expression analysis was done in DESeq2 3.7 using the Wald test and adjusted 543 p-values were corrected using the Benjamin-Hochberg procedure with an FDR threshold 544 of 0.01 (Love et al., 2014) . Plots were generated using R. Sequencing data is available at 545 GEO: accession number: GSE122596. categorized as sense and antisense. Sense was defined as piRNAs that were derived from 554 cleavage of the TE mRNAs and antisense was defined as piRNAs that were antisense to 555 annotated TE transcripts. Custom Python scripts were used to calculate the number of 5' 556 to 5' complementarity between sense and antisense reads. Ping-pong ratios were 557 calculated for each transposon feature across all libraries. To calculate the ping-pong 558 ratio of each transposon, we used custom Python scripts to calculate the number of 559 piRNAs in which sense piRNAs with an A at the 10-nt position or antisense piRNAs with 560 a U at the 1-nt position showed 10 nt of complementarity from the 5' end. We then 561 divided the number of such pairs by the total number of piRNA reads. The resulting ratio 562 allowed for quantification of ping-pong activity, without needing to normalize for library 563 size. The calculation of ping-pong ratio was done using custom Python scripts. Plots were 564 generated using R. 565 566 mRNA-seq data analysis 567
Raw qseq files were converted to fastq format using custom Python and awk scripts. Due 568 to the repetitive nature of transposon sequences, reads were aligned to the D. 569 melanogaster genome (Dm3) by STAR-2.6.0a while allowing for up to 100 multi-570 alignments per read (Dobin et al., 2013) . Feature and abundance estimation were 571 determined using TEtranscripts 2.0.3 (Jin et al., 2015) . TEtranscripts initially distributes 572 multi-mapped reads evenly among potential matches and optimizes the distribution of 573 multi-mapped reads using the Expectation Maximization approach. Variance was 574 measured based on normalized gene expression counts and we performed principal 575 components analysis and found samples derived from wild-type clustered separately from 576 
Live imaging 583
Testes from newly enclosed flies were dissected in Schneider's Drosophila medium 584
(Gibco) and prepared for live imaging as described previously (Cheng and Hunt, 2009) . 585
The testis tips were placed into a drop of medium in a glass-bottom chamber and were 586 covered by regenerated cellulose membrane (Spectrum Lab). The chamber was mounted 587 on a three-axis computer-controlled piezoelectric stage. An inverted Leica TCS SP8 588 confocal microscope with a 63× oil immersion objective (NA = 1.4) was used for 589 imaging. Live imaging was performed at ambient room temperature. Images were 590 processed using ImageJ software. 591 Error bars indicate SD, p values from t-tests are provided. As klp10A is knocked down 723 only in germline (with nos-gal4), Piwi nuclear level is expected to be unchanged in hub 724 cells, which were confirmed by photon counting, and this serves as an internal control. 725
On the contrary, Piwi nuclear level was reduced in GSCs upon knockdown of klp10A. 726
Note that similar reduction in the nuclear Piwi was observed in SGs as well: however, we 727 used hub cells and GSCs to quantify Piwi levels, because their juxtaposition allows the 728 most accurate comparison between two cells. 
